The afforestation is one of the most noticeable human activities that affect the climate through influencing not only the carbon sink but also the thermal properties of the land surface. This research accessed the potential effects of artificial vegetation change on the regional climate in Jiangxi Province, China. Based on simulation with the Weather Research and Forecasting (WRF) model, a comparative analysis was carried out on the future temperature and precipitation under four hypothetical vegetation cover scenarios. The simulation results indicated that the vegetation change would have significant effects on the regional climate. The simulated effects of annual average temperature showed a decreasing order: evergreen broadleaf > evergreen needleleaf > deciduous needleleaf > deciduous broadleaf, and the effects of annual average precipitation of the evergreen forests would be bigger than those of the deciduous forests. The deciduous forests play a positive role in decreasing the annual average temperature, while the evergreen forests promote the annual average temperature rise. Besides, the expansion of deciduous forests may result in severe drought in the summer in Jiangxi Province. These conclusions are of important policy implication to the future afforestation in Jiangxi Province, China, and other regions of the world.
Introduction
The biogeochemical impacts of land use and land cover change (LUCC) on the climate through changing the chemical composition of the atmosphere have been greatly concerned and widely studied [1] [2] [3] [4] [5] . Impacts of LUCC on the regional and global climate can be divided into two major categories: biogeochemical and biogeophysical impacts [1, 6] . The biogeophysical processes driven by LUCC directly affect the physical properties of the land surface, which determine the absorption and emission of energy at the Earth's surface [2, 3] . Change of the land surface albedo can alter the absorption rate of solar radiation and consequently influence the energy availability [4, 5] . Characteristics of vegetation transpiration on the land surface greatly affect how the energy received by the land surface is partitioned into the latent and sensible heat fluxes [7] . The vegetation type affects the surface roughness and consequently influences the transfer of local momentum and heat [8, 9] . The vegetation increase/decrease exerted negative effects locally, and the effects were stronger in growth season than those in nongrowth season [10] . Recently, Jiangxi Province has many forests area and makes a lot of projects of afforestation, such as Green for Grain Project started in 2000 in Jiangxi Province. In 2011, Jiangxi makes a "one big four small" project of afforestation to achieve Green. As we know, these projects influence land use conversion and climate change [11, 12] . In addition, some researches have indicated that the biogeophysical effects of LUCC on the climate may be more important than the biogeochemical effects [13, 14] . The assessment of potential effects of artificial vegetation change on the regional climate in Jiangxi Province is meaningful for climate change mitigation and sustainable land management.
Afforestation is one of the most noticeable human activities that affect the climate through influencing not only the carbon sink but also the thermal properties of the land 2 Advances in Meteorology surface [15] . Zhang et al. (2012) research results show that the surface albedo decreased by 0.01-0.03 due to conversions from grassland to cropland in the Northeast China Plain and it increased by 0.005-0.015 due to conversions from forests to cropland in the surrounding mountain. As a consequence, the climate was warmed in the spring, autumn, and winter. In summer, effects of surface albedo changes on climate were closely associated with moisture dynamics, such as evapotranspiration and cloud, instead of being merely determined by surface radiation budget. The simulated summer climatic effects have large uncertainties [16] . Since Charney (1975) first studied the land use change and its influence on the climate, a number of researches have been implemented in the past decades, most of which focused on the tropical rainforest biome in South America, Africa, and Southeast Asia [17] [18] [19] [20] [21] [22] [23] . For example, Bonan et al. (1992) and Foley et al. (1996) explored the impacts of the boreal forest on the climate and found that there are some feedbacks that play a role in changing the climate as a result of changes of the difference between the land surface albedos of the boreal forest and bare snow [7, 24] . Besides, some researchers found that afforestation leads to greater evapotranspiration and consequently causes an increase of the latent heat flux [25] [26] [27] [28] [29] . Snyder et al. (2004) investigated the role of different vegetation types in the climate system using a coupled atmosphere-biosphere model, CCM3-IBIS, and they found that the global precipitation was most greatly affected by the removal of the savanna vegetation when including the areas of vegetation removal, while removal of the tropical forest most greatly influenced the global precipitation when excluding the areas of vegetation removal [30] . The research of Avissar and Werth (2005) showed that the combined effects of deforestation of three tropical regions caused a significant decrease of precipitation in California in the winter and seemed to lead to a cumulative enhancement of precipitation during the summer in the southern tip of the Arabian Peninsula [31] . In addition, the model-based researches showed that the afforestation at the low latitudes makes the global temperature decrease to some extent, while that at the middle latitudes leads to negligible change or increase of the global temperature, and the afforestation at high latitudes makes it increase to some degree [28, 29, 32, 33] . Bonan (2008) showed that the forests in the world influence the climate through physical, chemical, and biological processes that affect the planetary energetics, hydrologic cycle, and atmospheric composition. Besides, they found that the tropical, temperate, and boreal reforestation and afforestation alleviate the global warming through the carbon sequestration, and the biogeophysical feedbacks can enhance or weaken this negative climatic effect [34] . Boucher et al. (2012) presented a first glimpse at the extent to which the afforestation of boreal open woodlands (OWs) in Québec can provide large emitters with eventually substantial and efficient offset potential for Greenhouse Gas (GHG), especially those emitters tied up with incompressible GHG emissions [35] . Sharma [37, 38] . In summary, it is in disputable that the change of vegetation types along with afforestation will lead to the regional climate change.
The forest coverage in Jiangxi Province had exceeded 63.1% by 2010, which is much higher than the national average level (lower than 20%) [11] . The area of needleleaved forests reaches 5.65 million hm 2 , accounting for 68.1% of the arbor area and 52.7% of the total forest area in Jiangxi Province, and it will continue to increase due to afforestation. Meanwhile, the broad-leaved forest recovery will be one of the competitors of the needle-leaved forest expansion due to the favorable water and heat resources. This research aims to predict the potential effects of artificial vegetation change on the regional climate in Jiangxi Province. Based on the simulation with WRF model, a comparative analysis was carried out on the future temperature and precipitation under four hypothetical vegetation cover scenarios, under which the forests are deciduous broadleaf, deciduous needleleaf, evergreen broadleaf, and evergreen needleleaf. The scheme of simulation with the WRF model is described in Section 2. This section also introduced the atmospheric forcing dataset and a hypothetic forest pattern dataset of different vegetation types used in the simulation. The results and discussions are provided in Section 3 and the final section concludes.
Data and Methodology
The WRF model is a state-of-the-art atmospheric simulation system based on the Fifth-Generation Penn State/NCAR Mesoscale Model (MM5) [39] . This mesoscale model was used to investigate the change of temperature and precipitation driven by future afforestation in this study.
Simulation Scheme.
There are currently five kinds of forests in Jiangxi Province, that is, the deciduous broadleaf forest, deciduous needleleaf forest, evergreen broadleaf forest, evergreen needleleaf forest, and mixed forest. The needleleaf forests have expanded due to the afforestation in this region; however, the broadleaf forests are recovering owing to the suitable climatic conditions. On the whole, the forest change in Jiangxi Province is characterized by the competition between the needleleaf forests and the broadleaf forests. To cover the potential effects of the forest vegetation change on regional climate, four hypothetical vegetation cover scenarios were designed in this study, including the scenarios of deciduous broadleaf (DB), deciduous needleleaf (DN), evergreen broadleaf (EB), and evergreen needleleaf (EN), under which the forests are all deciduous broadleaf, deciduous needleleaf, evergreen broadleaf, and evergreen needleleaf, respectively. The forest pattern in year 2000 was regarded as the baseline scenario (BL). The effects of afforestation on the regional climate can be measured with the differences of the simulation results under the four hypothetical scenarios and the baseline scenario: 
Underlying Surface Data.
The underlying surface data of the scenarios of DB, DN, EB, and EN as well as BL are needed in the scenario-based simulation. The underlying surface data of the scenario of BL were derived from the dataset of National Basic Research Program of China. The dataset was originally established with the 1 km × 1 km grid data based on the remotely sensed satellite imagery and ground information of year 2000 with the land use and land cover classification system of the United States Geological Survey (USGS). In this study, the 1 km × 1 km grid data were first transformed into the grid data of 5 km × 5 km by resampling the data. The underlying surface data suggests that more than 40% of the areas in Jiangxi Province (2717 pixels) were covered by the forests (Figure 1 ) and about 30% of them were covered by the broadleaf forests, while the needleleaf forests account for more than 52% of the total forest area. The underlying surface data of DB, DN, EB, and EN were generated by replacing all the forests with one specific type of forests. For instance, the underlying surface data of DB were generated by replacing all the deciduous needleleaf forests, evergreen broadleaf forests, evergreen needleleaf forests, and mixed forests with the deciduous broadleaf forests, and consequently all the forest area in Jiangxi Province is covered by the deciduous broadleaf forests under the scenario of BD. And similarly, the underlying surface data of DN, EB, and EN were generated by altering the property of pixels.
Results and Discussion
The simulation results of the temperature and precipitation in Jiangxi Province in 2010 under the scenarios of DB, DN, EB, and EN as well as BL were finally obtained. As were described above, the effects of afforestation on the climate were measured with the differences between the simulation results under the four hypothetical scenarios and the baseline scenario as follows. Jiangxi Province. Among the results under the four hypothetical extreme scenarios, there were overall cooling effects under the scenarios of DB and DN, while warming effects under the scenarios of EB and EN (Figure 2 ). The statistics indicates that the deciduous broadleaf expansion under the scenario of DB will make the annual average temperature decrease by 0.08 ∘ C. This cooling effect will mainly happen in the southern part of Jiangxi Province. For some areas there, the annual average temperature will even decline by more than 0.2 ∘ C. By comparison, the expansion of deciduous needleleaf forests under the scenario of DN only shows slight cooling effects. According to the simulation results, the cooling effects also mainly happen in the southern part of Jiangxi Province and are not as significant as those under the scenario of DB. The results under the scenario of DN indicate there are some warming effects in the areas near the north and west boundary of Jiangxi Province. The overall effects of expansion of deciduous needleleaf forests make the annual average temperature decrease by 0.02 ∘ C under the scenario of DN.
Effects on the Annual
The simulation results indicated that the spatial pattern of the warming effects under the scenario of EB is consistent with the pattern of forests in Jiangxi Province, and the evergreen broadleaf expansion will make the annual average temperature increase by 0.03 ∘ C (Figure 2 ). The annual average temperature under the scenario of EN will increase by 0.01 ∘ C more than that under the scenario of BL. In summary, the deciduous forest plays a positive role in decreasing the annual average temperature while evergreen forest contributes to the increase of annual average temperature, and the effect of needleleaf forest expansion on annual average temperature is much more significant than that of broadleaf forest. This may be due to the differences between the thermal properties of the deciduous and evergreen forests.
Effects on the Annual Average Precipitation.
The expansion of deciduous forests leads to significant change of the spatial pattern of the annual average precipitation in Jiangxi
Province. The simulation results under the scenario of DB showed that the expansion of deciduous broadleaf forests will make the annual average precipitation in the southeast part of Jiangxi Province decrease by more than 400 mm (Figure 3) . Besides, the annual average precipitation in the northwest part of Jiangxi Province will also increase by more than 250 mm. However, the expansion of the deciduous broadleaf forests will make the overall annual average precipitation in the simulation area decrease by 47 mm under the scenario Low: −600
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Low: −600 of DB. By comparison, the drought effects of the deciduous needleleaf forest expansion under the scenario of DN area are little slighter than those under the scenario of DB, and it will make the annual average precipitation decrease by 33 mm in the study area on the whole. Moreover, the spatial pattern of the climatic effects under the scenario of DN is similar to that under the scenario of DB.
In comparison, the simulation results under the scenarios of EB and EN indicated that the overall effects of the evergreen forest expansion on the annual average precipitation are not as significant as those under the scenarios of DB and DN. In most part of Jiangxi Province, the evergreen forest expansion will make the annual average precipitation increase by 50 mm to 200 mm under the scenarios of EB 6 Advances in Meteorology and EN (Figure 3 ). The drought effects under the scenarios of EB and EN will mainly happen in the area near the east boundary of Jiangxi Province. The simulation results show that the annual average precipitation will decrease by 2.6 mm and 3.9 mm under the scenarios of EB and EN, respectively. On the whole, the deciduous forest expansion may aggravate the drought, while the expansion of evergreen forests may increase the annual average precipitation in most regions in Jiangxi Province. So the expansion of evergreen forests is more favorable than the expansion of deciduous forests since the seasonal drought is one of the main problems that restrains the agricultural production in Jiangxi Province.
Effects on the Monthly Climate.
The effects of afforestation on the monthly average temperature vary from month to month under all the four scenarios (Table 1) . Under the scenario of DB, the deciduous broadleaf forest expansion will result in a relatively stable decrease of the monthly average temperature in most months, by 0.07 ∘ C to 0.08 ∘ C; the temperature will decrease the most in January and least in July, by 0.12 ∘ C and 0.05 ∘ C, respectively. By comparison, there is a slighter decrease of the monthly average temperature due to the deciduous needleleaf forest expansion under the scenario of DN than that under the scenario of DB, and the monthly average temperature will decrease by no more than 0.03 ∘ C from April to October. The afforestation even has no effects on monthly average temperature in March, November, and December under the scenario of DN.
In contrast to the effects under the scenarios of DB and DN, the evergreen broadleaf forest expansion under the scenario of EB will lead to some increase of the monthly average temperature (Table 1 ). The simulation results show that the monthly average temperature will increase by 0.03 ∘ C to 0.05 ∘ C from October to March under this scenario and that it will decrease by 0.01 ∘ C to 0.02 ∘ C in April, May, and June due to the evergreen broadleaf forest expansion. Besides, there are no significant effects of the evergreen broadleaf forest expansion on the monthly average temperature in July, August, and September. There are more complex effects of expansion of the evergreen needleleaf forests under the scenario of EN, which makes the monthly average temperature decrease from May to September and increase from October to April (Table 1) . On the whole, the variation of the monthly average temperature change under the scenarios of DN, EB, and EN is similar to that under the scenario of DB. Afforestation can affect the monthly average temperature via multiple ways such as albedo, potential evapotranspiration, and leaf area index. Considering the plentiful water and heat resources in Jiangxi province, albedo is most likely to be the principal cause resulting in the monthly average temperature changes. The changes of albedo under all the four scenarios are provided to help identify the reasons of monthly average temperature changes (Table 2) . A larger increase in albedo corresponds to a severer decrease in monthly average temperature. It implies that the cooling effect is from low surface net radiation caused by high albedo under the scenarios of DB and DN. And on the contrary, the declines of albedo under the scenarios of EB and EN may be the major causes of monthly average temperature increase in Jiangxi Province. The variation of monthly average temperature change also has a convergence trend with that of albedo change. The correlation coefficient of monthly average temperature change and albedo change reaches −0.77, which also implies that the temperature changes are mainly derived from the changes of albedo driven by afforestation.
The effects of afforestation on the monthly average precipitation are more significant than those on the monthly average temperature. The precipitation in Jiangxi Province will decrease greatly in the summer under the scenarios of DB and DN (Table 3) . Under the scenario of DB, the monthly average precipitation will decrease by 10.63 mm, 11.50 mm, and 8.63 mm in June, July, and August, respectively. Although the decrement of the monthly average precipitation is smaller than that under the scenario of DN, it still reaches 10.42 mm in July. The drought effects of the deciduous forest expansion will last for all the year under the scenarios of DB and DN. The decrease of the monthly average precipitation may restrain the agricultural production in Jiangxi Province. By contrast, Advances in Meteorology 7 there are slight effects of the evergreen forest expansion on the monthly average precipitation under the scenarios of EB and EN (Table 3 ). The monthly average precipitation will decrease most greatly in August under the scenario of EB, with a decrement of 1.29 mm, while it will decrease by no more than 3 mm under the scenario of EN. In summary, there is no significant difference for variation of the monthly average temperature change among the scenarios of DB, DN, EB, and EN. Above all, the effects of annual average temperature show a decreasing order: EB > EN > DN > DB. By comparison, the expansion of deciduous needleleaf forests under the scenario of DB shows evident cooling effects, because there are the highest albedos under the scenario of DB. According to the simulation results, the cooling effects mainly happen in the southern part of Jiangxi Province and the effects of annual average precipitation of the evergreen forests are bigger than those of the deciduous forests.
Conclusions
This study analyzed the impacts of afforestation on the regional climate at different temporal scales in Jiangxi Province with a scenario-based research. The main conclusions could be summarized as follows.
(i) The deciduous forest expansion plays a positive role in decreasing the annual average temperature, while the evergreen forest expansion makes the annual average temperature increase. On the whole, the effects of the needleleaf forest expansion on the annual average temperature are not as significant as that of the broadleaf forest. The expansion of deciduous forests may aggravate the seasonal drought in Jiangxi Province, while the expansion of evergreen forests is more favorable since it may increase the annual average precipitation in most parts of Jiangxi Province.
(ii) There are significant effects of afforestation, especially the deciduous forest expansion, on the monthly average precipitation. There is only slight change of the monthly average temperature caused by afforestation. Moreover, the deciduous forest expansion may result in severe drought at the local scale in the summer in Jiangxi Province.
